1. In tropical island stream ecosystems freshwater shrimps are often the dominant macroconsumers and can play an important role in determining benthic community composition. However, most studies of the ecological role of shrimps are limited to high-altitude shrimp-dominated sites where other biota (®shes and snails) are absent or signi®cantly less abundant than at lower altitudes. 2. We examined how effects of different shrimp assemblages on benthic communities changed along an altitudinal gradient in a tropical island stream in Puerto Rico. We used electroshocking and observations to quantify abundance and taxonomic composition of shrimp assemblages at three sites (300, 90 and 10 m a. s. l) along the Rõ Âo Espõ Âritu Santo. We also experimentally manipulated access of shrimps to the benthic environment simultaneously at each site using electric fences over a 35-day period. 3. At the high-altitude site, exclusion of shrimps (predominantly Atya spp. and Xiphocaris elongata) resulted in signi®cantly greater accrual of organic and inorganic material, chlorophyll a and algal biovolume. In the absence of shrimps, the algal community was dominated by ®lamentous green algae (Chlorophyta: Oedogonium and Rhizoclonium). Excluding shrimps did not affect total insect biomass but signi®cantly increased sessile chironomids (Diptera: Chironomidae). We observed similar treatment effects at the mid-altitude site where shrimps (primarily Macrobrachium spp. and X. elongata) occurred at lower densities. In contrast, at the low-altitude site there were no treatment differences in organic and inorganic material, chlorophyll a, algal biovolume, algal assemblage composition and insects. 4. The lack of treatment differences at the low-altitude site was probably because of very high densities of grazing snails (Thiara granifera and Neritina spp.) which reduced organic and inorganic resources and obscured potential shrimp effects. 5. This study demonstrates that freshwater shrimps can play an important role in determining benthic community composition; however, their effects vary and appear to depend on the presence of other biota. This study suggests that loss of shrimps as a result of anthropogenic disturbances will have different effects on the stream community depending upon location along the altitude gradient.
Introduction
Studies in marine (e.g. Paine, 1974) , lacustrine (e.g. Carpenter et al., 1987) and lotic ecosystems (e.g. Power, 1990) have demonstrated that strong topdown effects of individual species or species assemblages can be important in determining community composition. Further research in these different ecosystems has shown that species effects vary depending on the biotic and abiotic environment (Power, 1992; Kitchell & Carpenter, 1993; Menge et al., 1994) . Accordingly, ecologists have been encouraged to determine those environmental conditions in which species assume key roles (Hunter & Price, 1992; Polis et al., 1996; Power et al., 1996) .
To do this, Polis et al. (1996) stressed the importance of adopting a`comparative experimental' approach where experiments are simultaneously performed at multiple sites along physical or biological gradients (e.g. Menge et al., 1994) . Lotic ecosystems provide an ideal setting in which to use this approach. They provide a natural gradient from headwaters to mouth in which species assemblages change along with stream structure and function (Vannote et al., 1980 ). Yet, to our knowledge, no in situ experimental studies have been run that simultaneously manipulate biota at different sites along a stream gradient (March et al., 2001) .
In this study we examined the top-down effects of freshwater shrimps simultaneously at three sites, in situ, along an altitudinal gradient in a tropical island stream. In tropical island streams, freshwater shrimps are often the dominant macroconsumers (e.g. Resh & De Szalay, 1995; Covich, 1988) and also inhabit reaches along the entire river continuum (Bhajan et al., 1978) . Previous research in Puerto Rico has shown that shrimps affect insect and algal community composition (Pringle et al., 1993 (Pringle et al., , 1996 , quantity and quality of ®ne benthic organic matter , sediment cover (Pringle & Blake, 1994) , and rates of litter processing (Crowl et al., 2001; March et al., 2001) . However, all of these studies have been conducted in high-altitude streams above waterfalls that restrict ®shes and snails to lower reaches (but see Pringle et al., 1999; March et al., 2001) . The effects of shrimps may be different at lower altitudes where they interact with predatory ®shes and algivorous snails. Predatory ®shes could reduce shrimp abundance or alter their behaviour while algivorous snails may themselves have strong effects on the benthic community (e.g. Jacoby, 1985; Steinman et al., 1987; Rosemond, Mulholland & Elwood, 1993) and thus decrease the relative effects of shrimps. Shrimp effects may also be different at lower altitudes because of changes in shrimp assemblage composition. In many tropical island streams, atyid shrimps dominate high-altitude sites while Macrobrachium shrimps are more abundant at lower altitudes (e.g. Hunte, 1978; Marquet, 1991; Fie Ávet, Tito de Morais & Tito de Morais, 1996) . Differences in feeding behaviour among shrimp taxa may potentially result in different effects on the benthic community.
Understanding the role that shrimps play in determining community composition and how that role varies along an altitudinal gradient also has resource management implications. Recent anthropogenic disturbances such as damming and water withdrawal, as well as stream poisonings, have increased larval and adult shrimp mortality and resulted in the removal of shrimps from entire reaches (Holmquist, Schimdt-Gengenbach & Yoshioka, 1998; Benstead et al., 1999) . Location of anthropogenic disturbance along the altitudinal gradient may be an important factor when predicting their consequences and designing mitigation and regulation programmes.
In this study, we used a comparative experimental approach to examine if the role of shrimps changes along an altitudinal gradient in a tropical island stream. We predicted that the presence of other biota (®shes and snails) in lower altitude reaches would result in decreased shrimp effects on the benthic environment (accrual of organic and inorganic matter, insect and algal abundance and composition) compared with high-altitude shrimp-dominated sites.
Methods

Study sites
We conducted this study in the Espõ Âritu Santo river system which drains the northern part of the Luquillo Experimental Forest (LEF) and surrounding lowlands in north-eastern Puerto Rico. The Rõ Âo Espõ Âritu Santo is representative of Caribbean montane rivers in that it has a very¯ashy hydrograph (Ahmad, Scatena & Gupta, 1993) ; discharge can increase more than 10-fold in less than an hour (Covich & McDowell, 1996) . The LEF does not experience marked wet and dry seasons as do some tropical areas. Mean annual precipitation (3460 mm) is evenly distributed throughout the year, except for a slightly drier period from January to April (Waide & Reagan, 1996) .
The physical structure of the Rõ Âo Espõ Âritu Santo changes dramatically from high-altitude headwaters to the river mouth. High-altitude tributaries (> 200 m a.s.l) are characterised by steep gradients with alternating pools and cascades. Substrata consist of large boulders with interstitial cobble and gravel. A large waterfall (> 10 m), at approximately 200 m a.s.l., separates the high-and mid-altitude sites and acts as a barrier to most ®shes. At mid-altitude sites (70±200 m a.s.l) the channel widens and the gradient decreases. Small cascades are less frequent, and rif¯es composed of small boulders and cobble are common. This trend of decreasing gradient and substrata size continues to low-altitude sites (< 70 m a.s.l), resulting in mostly large runs and cobble/gravel rif¯es.
Land use also changes along this altitude gradient. Tabonuco forest is the dominant vegetative zone in the LEF and is characterised by Dacryodes excelsa Vahl. (Burseraceae). This vegetative zone extends below 600 m a.s.l. to the forest boundary, located at approximately 90 m a.s.l. Below the LEF boundary, land use changes dramatically to mostly urban and pasture; however, the riparian zone is predominantly forested.
Biota
Ten species of omnivorous freshwater shrimps inhabit rivers of LEF, representing three families: Palaemonidae, Atyidae and Xiphocarididae. The palaemonid shrimps Macrobrachium carcinus (L), M. faustinum (De Saussure), M. crenulatum Holthuis, M. acanthurus (Wiegmann), and M. heterochirus (Wiegmann) consume algae, macrophytes, decomposing leaf litter, insects, molluscs, small ®sh and other shrimps (Covich & McDowell, 1996) . The atyid shrimps, represented by Atya lanipes Holthuis, A. scabra (Leach), A. innocous (Herbst), and Micratya poeyi (Gue Ârin-Me Âneville), consume periphyton, small sessile insects, and leaf material by brushing with their cheliped fans (Pringle et al., 1993 (Pringle et al., , 1996 Pringle & Blake, 1994) . They use these same cheliped fans to ®lter feed when¯ow conditions are suitable (Covich, 1988) . Xiphocaris elongata (Gue Ârin-Me Âneville) consumes leaf matter, periphyton, insects, small¯owers and fruit using tiny pincers. All of these shrimp species undergo extended larval development and are amphidromous (Covich & McDowell, 1996; Johnson et al., 1998) ; adult females release planktonic larvae that drift downstream to the estuary (March et al., 1998) . Larvae spend 50±110 days in the estuary before migrating back upstream as metamorphosed postlarvae (Chace & Hobbs, 1969; Benstead, March & Pringle, 2000) . Adult shrimps differ in their distribution along the altitudinal gradient (March et al., 2001) . High-altitude sites above the waterfall are dominated by atyid shrimps (mostly A. lanipes) and X. elongata. Macrobrachium spp. and X. elongata comprise the majority of the shrimp assemblage at lower altitude sites.
The ®sh community in the Espõ Âritu Santo is made up of seven species. The green stream goby, Sicydium plumieri (Bloch), grazes periphyton and is the only ®sh found in high-altitude streams. Agonostomus monticola (Bancroft), Gobiomorus dormitor Lacepede, Eleotris pisonis (Gmelin), Awaous banana (Valenciennes), Anguilla rostrata (LeSeur) and the introduced Xiphophorus helleri (Heckel) all occur below the waterfall at 200 m a.s.l. Agonostomus monticola is omnivorous, but consumes mostly insects as well as shrimps (Aiken, 1998) . Less is known about diets of the remaining ®shes, but they are thought to consume primarily insects and shrimps.
The remainder of the aquatic fauna consists of insects, snails and one species of crab. The insect assemblage is depauperate when compared with continental tropical streams (Buzby, 1998) and is dominated by sessile chironomids and mobile baetid and leptophlebiid may¯ies (Pringle et al., 1993; Buzby, 1998) . Three species of freshwater snails, Neritina punctulata, N. clenchi and Thiara granifera inhabit midand low-altitude sites and graze periphyton.
Experimental details
In this study we established three sites along an altitude gradient. The high-altitude site was located at 300 m a.s.l. in the Sonadora, a second-order tributary of the Rõ Âo Espõ Âritu Santo. The mid-altitude site was located approximately 3.1 river km downstream at 90 m a.s.l. in a third-order mainstem reach of the Espõ Âritu Santo. The low-altitude site was a side channel of the fourth-order mainstem at 10 m a.s.l, approximately 4.2 river km downstream from the mid-altitude site.
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We conducted this ®eld experiment from 8 July to 19 August, 1997. At each site, ®ve pairs of quadrats (i.e. one electric and one control) were placed close to the bank of the stream along a 100-m reach. The two quadrats within each pair were positioned at least 0.5 m apart and were anchored to the stream bottom using cable ties. Quadrats were square frames (45´45 cm) made of 19.05 mm chlorinated poly vinyl chloride (cpvc) tubing, with an inner and outer square of uninsulated 12-gauge copper wire held to the cpvc frame with plastic cable ties. A¯ip of a coin determined which one would be electri®ed (shrimp exclusion) or a control (shrimp access). Each shrimp exclusion replicate was connected to a solar-powered fence charger (Parker-McCroryÒ 12-volt, Parker-Mc Crory Mfg. Co, Kasas City, MO, USA) by attaching 12-gauge copper wire from the inner square to the power source and from the outer square to the ground. This method excluded ®shes and shrimps but not insects and snails (see Pringle & Blake, 1994; and Pringle & Hamazaki, 1998 for a description of using electricity to exclude ®shes and shrimps). To maintain a strong consistent electrical charge we changed batteries in each charger every 3 days. We also checked each replicate daily to ensure chargers were working properly.
In each quadrat, we tethered eight unglazed ceramic tiles (7´15 cm) with cable ties and binder clips. One tile was sampled from each quadrat every 5 days from day 10 to day 35. To examine the rate of recovery of the benthic community we turned off the electricity at all sites on day 37 and sampled again on days 38 and 42.
We sampled each tile by cutting cable ties and raising the tile out of the water within a ®ne mesh hand net to prevent loss of insects. Care was taken not to disturb accrued sediments on the tiles. Tiles and the contents of the hand net were immediately placed into zip-lock bags and transported to the laboratory in a cooler. In the laboratory, we scraped the top surface of the tile with a razor blade and scrubbed it thoroughly with a toothbrush. This resulted in a homogenate of sediment, periphyton, and insects. Insects were removed and preserved in 70% ethanol for later identi®cation. We measured the volume of the homogenate and subsampled for organic/inorganic material, chlorophyll a, and algal species composition and biovolume. To measure the organic (ash free dry mass) and inorganic (dry mass ± ash free dry mass) content of the homogenate, we ®ltered a subsample of known volume onto a combusted and preweighed glass ®bre ®lter (0.7 lm). Filters were dried at 60°C for 24 h, weighed to the nearest 0.001 g, burned at 500°C for 3 h, and re-weighed. Differences (between treatments and among sites) of both the inorganic and organic content of homogenate were compared using a two-way repeated-measures A NO V A A N O V A on log 10 -transformed data. If there was a signi®cant site±treat-ment interaction, we examined each site separately using a one-way repeated-measures A N O V A A N O V A . We measured chlorophyll a on tiles for days 20, 25, 30 and 35. A subsample of the homogenate was ®ltered onto a glass ®bre ®lter (0.7 lm). To prevent chlorophyll a degradation, we added 0.15 mL of a 1% MgCO3 solution to the subsample during ®ltration (Axler & Owen, 1994) . We then placed the ®lter in an aluminium foil envelope and froze it until we returned to the laboratory in Georgia. Chlorophyll a was measured using a Turner Designs¯uorometer (Turner Designs, Inc., Sunnyvale, CA, USA) (model 10AU) following standard methods (APHA, 1985) . Differences in chlorophyll a between treatments and among sites were analysed using a two-way repeated measures A N O V A A N O V A on log 10 -transformed data. If there was a signi®cant site±treatment interaction, we examined each site separately using a one-way repeatedmeasures A N O V A A N O V A . We excluded day 25 from statistical analysis because of missing values for a replicate at the low-altitude site.
Algal community composition and biovolume was quanti®ed on day 35 only. To do so, we subsampled 20 mL from the homogenate and preserved it with 2% formalin in a scintillation vial. To determine algal biovolume, each sample was concentrated to a known volume, a 0.1-mL aliquot was pipetted into a Palmer cell and scanned at 400´magni®cation until 500 cells containing chloroplasts were identi®ed. The number of ®elds of view scanned was recorded. Pennate diatoms that could not be identi®ed to species at 400ḿ agni®cation were identi®ed as naviculoids. To determine relative abundances of pennate species, permanent mounts were made with Hyrax mounting medium from a cleaned (Carr, Hergenrader & Troelstrup, 1986) aliquot of each replicate sample and were scanned at 1000´until the same number of cells in the Palmer cell count were identi®ed. The ®rst 10 individuals of each taxon were measured for length, width and depth. To determine biovolumes, the average of these measurements was used in an equation that best described the geometric shape of the cell (Gruendling, 1971) . The total algal biovolume for each sample was calculated by summing all biovolumes of diatoms and ®laments. Total algal biovolume was compared among sites and between treatments using a two-way A N O V A A N O V A on log 10 -transformed data. The absolute biovolume (log 10 + 1 transformed) and percent biovolume (arcsin square-root transformed) of the major taxa were also compared using two-way A N O V A A N O V A s. Insects found on tiles were identi®ed to family or genus (Merritt & Cummins, 1984) , and measured to the nearest mm using 1 mm grid paper. Insect biomass per m 2 was calculated using published family level length±mass relationships (Benke et al., 1999) . If a length±mass relationship was not available for a family, we used one from a taxon with a similar shape. Statistical comparisons were performed using a two-way, repeated measures A N O V A A N O V A on either log 10 + 1 or square root transformed data for total insect biomass and the biomass of the most common taxa, Chironomidae and Ephemeroptera. Differences in snail abundance on tiles between treatments and sites were compared with a twoway repeated measures A N O V A A N O V A on log 10 + 1 transformed data.
To identify ®shes, shrimps and snails present at each site we conducted 1.5 min observations of each treatment replicate on nine dates during the day and on six dates at night. We conducted observations both during day and night because shrimp activity and habitat use varies between night and day (Johnson & Covich, 2000) . Total observation time was 112.5 min per treatment at each site (67.5 diurnal, 45 nocturnal). Observations were conducted from the stream bank or from nearby large boulders. We used red ®lters on¯ashlights to conduct nocturnal observations. Shrimps were usually identi®ed to genus; however, when visibility was low because of ripples on the water surface, increased turbidity, or when shrimps were too small (< 2 cm), they were recorded as unidenti®able. Snails were identi®ed to genus.
In addition to our observations, we electroshocked a known area (mean 8.5 m 2 ) around four replicate pairs at each site at the conclusion of the experiment. Shrimps were identi®ed to genus (Note: Micratya poeyi was lumped with Atya spp.) and the carapace length (CL) was measured to the nearest mm. Shrimp abundance was converted to biomass using length± mass relationships (March, 2000) . Water temperature at each site was measured every 15 min throughout the experiment using submerged temperature data loggers. Discharge values were obtained from USGS gauges located at the highaltitude site and between the mid-and low-altitude sites. Total suspended solids were quanti®ed on 32 dates during the experiment. Water (2 L) was sampled from the entire water column and ®ltered through precombusted and preweighed glass ®bre ®lters that were dried at 60°C for 24 h and re-weighed. Water temperature and total suspended solids over the entire period were compared among sites with one-way A N O V A A N O V A s on log 10 transformed data. If site was signi®cant in the A N O V A A N O V A , we tested for differences between individual sites with Tukey± Kramer HSD tests.
We measured water depth and velocity in each treatment replicate on three occasions during basē ow. Depth was measured to the nearest cm from the middle of the quadrat to the water surface with a ruler. We measured water velocity with a Marsh-McBirneyÒ (Marsh-McBirney Inc., Frederick, MO, USA) electromagnetic¯ow meter at four locations in each quadrat. Percent canopy cover was estimated above each quadrat with a spherical densiometer. Differences in water depth, water velocity, and canopy cover between treatments and among sites were compared using two-way A N O V A A N O V A s on log 10 -transformed data for water depth and velocity and on arc-sin square root transformed data for canopy cover. If site was signi®cant in the A N O V A A N O V A , we tested for differences between individual sites with Tukey±Kramer HSD tests. All statistical analyses were performed using JMP 3.1.5 (SAS Institute Inc., 1994).
To examine the rate of recovery of the benthic community after the main experiment, we turned off the electricity on day 37 and sampled the remaining tiles on days 38 and 42. Insects, chlorophyll a, inorganic and organic matter were quanti®ed as above. Three shrimp exclusion replicates at each site were observed constantly for a 60-min period immediately after turning off the electricity. The 60 min were divided into 20 3-min periods and the number of shrimps and snails observed on the tiles and in the quadrat (shrimps only) were recorded.
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The freshwater shrimp assemblage was dramatically different among sites along the altitude gradient in terms of taxonomic composition, total abundance, total biomass and size within each taxon. The highaltitude site had the greatest total shrimp abundance and biomass of the three sites (Table 1) . Xiphocaris and Atya were dominant while only three Macrobrachium were sampled at this site. No small [carapace length CL < 12 mm] Macrobrachium were found at this site. At the mid-altitude site, total shrimp abundance and biomass were less than at the high-altitude site (Table 1) . Atya was absent and the assemblage was composed of Xiphocaris and Macrobrachium (Table 1) . Mean CL of each taxon was less than at the highaltitude site (Table 1) . At the low-altitude site, total shrimp abundance and biomass were low relative to the upper two sites and the only adult shrimps present were Macrobrachium. All of the Atya and Xiphocaris found at this site were small (CL < 6 mm) juveniles. Fishes were rarely seen in shallow habitat near the experimental quadrats. Electroshocking resulted in only one eel (Anguilla rostrata) at the low-altitude site and two gobies (Sicydium plumieri) at the mid-altitude site.
Physical parameters also varied along the altitude gradient (Table 2) . Mean water depth signi®cantly increased with altitude while temperature signi®-cantly decreased. Mean water velocity was slower at the high-altitude than at the lower two sites. Canopy cover was signi®cantly less at the mid-altitude site than at the other two sites. Total suspended solids were not signi®cantly different among sites. There were no differences in water depth, water velocity and canopy cover between treatments.
Discharge during the study was typical of the river and¯uctuated greatly during the 42-day experiment. The range in mean daily discharge was 0.03±0.65, 0.35±5.74 and 0.81±13.29 m 3 s ±1 at the high-, mid-and low-altitude sites, respectively. Large spates occurred on days 13, 33 and 41. Despite these spates, the electric exclusion technique proved effective. However, we did lose one replicate at both the low-and midaltitude sites during the day 13 storm and loss of ceramic tiles resulted in only two replicates remaining at each site on days 38 and 42. Shrimps were effectively excluded at all sites with two exceptions. On day 16, two shrimp were observed in a shrimp exclusion treatment at the mid-altitude site. Batteries were immediately changed and shrimps were subsequently excluded. On day 15, at the high-altitude site, a fence charger was turned off, but for less than 4 h. We veri®ed that shrimps were excluded from each treatment replicate daily, and these were the only exceptions during the entire study. Observations on 14 dates over the study period showed that shrimp taxa feeding on tiles were repre- sentative of the overall shrimp assemblage at each site (Table 3) . At the high-altitude site, shrimps observed on tiles were predominately Atya and Xiphocaris. At the mid-altitude site, Macrobrachium and Xiphocaris were observed on tiles in similar proportions. Shrimps on tiles were primarily Macrobrachium at the lowaltitude site. The total number of shrimps observed on tiles increased with altitude (Table 3) . Snails were absent from the high-altitude site and few were observed at the mid-altitude site. In contrast, snails were very abundant at the low-altitude site and were consistently observed on tiles in both shrimp exclusion and control treatments. Fishes were never observed on tiles but were seen in deeper mid-channel habitats or large pools. Observations conducted during the ®rst hour after the electricity was turned off showed similar trends among sites (Table 4) . At the high-altitude site, high numbers of shrimps immediately began feeding in previously electri®ed treatment. Xiphocaris shrimps arrived in large numbers followed by Atya. The number of shrimps entering the previously electri®ed treatment was low at the mid-altitude site relative to the high-altitude site and were mostly Macrobrachium and some Xiphocaris. At the snail-dominated lowaltitude site, few shrimps entered the previously electri®ed treatment.
The effect of the shrimp assemblage on accrual of inorganic and organic (AFDM) matter varied signi®-cantly along the altitude gradient (Table 5) . At the high-altitude site, the shrimp assemblage maintained relatively`clean' tiles in controls (Figs 1 and 2) . When shrimps were excluded, signi®cantly more inorganic matter (F 1,4 64.79, P 0.0013, Fig. 1 ) and organic matter (F 1,4 42.15, P 0.0003, Fig. 2) accrued. When the electricity in the shrimp exclusion treatment was turned off, shrimps removed inorganic and organic matter to levels similar to controls within 24 h (Figs 1  and 2 ). Results were similar at the mid-altitude site (Figs 1 and 2 ). Greater amounts of inorganic (F 1,3 725.07, P 0.0001) and organic (F 1,3 51.43, Fig. 2 ).
Chlorophyll a followed similar patterns as those described above (Table 5, Fig. 3 ). Signi®cantly greater amounts were found in the absence of shrimps at both the high-altitude (F 1,4 11.45, P 0.028) and mid-altitude sites (F 1,3 28.77, P 0.013). Differences between treatments at these sites disappeared rapidly after electricity was turned off (Fig. 3) . At the lowaltitude site, there was no treatment difference (F 1,3 1.04, P 0.38). Chlorophyll a levels in controls were least at the low-altitude site (0.87 0.05 SE mg m ) and highest at the mid-altitude site (3.14 0.31 SE mg m ±2 ). Total algal biovolume and the biovolume of diatoms and ®lamentous algae were signi®cantly greater in the absence of shrimps at both the highand mid-altitude sites, but there were no treatment differences at the low-altitude site (Table 6 ). In controls at the high-altitude site, the algal assemblage was composed entirely of diatoms. Diatoms were mostly Gomphonema spp., followed by Achnanthes spp., Nitzschia spp., and a mix of other diatom genera (Cymbella, Cocconeis, Navicula, Denticula and Eunotia). In contrast, the algal community in the absence of shrimps was mostly ®lamentous green algae (Oedogonium and Rhizoclonium) and associated epiphytic diatoms (Synedra and Fragilaria) (Fig. 4) . Accordingly, percent biovolume of diatoms signi®-cantly decreased and percent biovolume of ®lamen-tous algae signi®cantly increased when shrimp were excluded (Table 6) . Similar results were found at the mid-altitude site. Total algal biovolume, ®lamentous algal biovolume, and diatom biovolume were all signi®cantly higher in the absence of shrimps (Table 6 ). The algal assemblage in controls was dominated by diatoms, particularly Gomphonema spp.; however, some ®lamentous algae were present. Filamentous algae and some epiphytic diatoms (Synedra and Fragilaria) composed the majority of the algal assemblage in the shrimp exclusion treatment (Fig. 4) . In contrast to the upper two sites, there were no differences in total algal biovolume between treatments at the low-altitude site (Table 6 ). Algal assem- Fig. 3 Differences in chlorophyll a on tiles between treatments at each site (symbols described in Fig. 1) . Variable role of freshwater shrimps 385 blages in both treatments were similar to controls at higher altitude sites and were composed of diatoms, mostly Gomphonema spp. and Achnanthes spp. (Fig. 4) . Total insect biomass signi®cantly varied among sites (Table 7) . Insect biomass was highest at the midaltitude site and least at the low-altitude site. There was no effect of treatment on total insect biomass (Table 7) . However, chironomid biomass was signi®-cantly higher in the absence of shrimps at both the high-altitude (F 1,4 14.13, P 0.02) and mid-altitude sites (F 1,3 131.50, P 0.0014, Fig. 5 ). There was no difference in chironomid biomass between treatments at the low-altitude site (F 1,3 3.25, P 0.17). In contrast to sessile chironomids, mobile may¯ies (Ephemeroptera; Baetidae and Leptophlebidae) were higher in controls, although this difference was marginally signi®cant (Table 7 ). The biomass of may¯ies was greatest at the high-altitude site and decreased with decreasing altitude.
There was no treatment effect on snail abundance. However, there was a signi®cant site effect (F 2,10 302.25, P < 0.0001). Snails were absent from the highaltitude site, at very low abundances at the midaltitude site, and abundant at the low-altitude site (Tables 3 and 4) .
Discussion
In this study, we found that shrimp effects on the benthos varied signi®cantly along the altitude gradient. Speci®cally, shrimps had strong top-down effects at high-and mid-altitude sites and no effect at the low-altitude site. The lack of shrimp effects at the lowaltitude site was probably because of very high densities of grazing snails which appeared to reduce organic and inorganic resources and obscure potential shrimp effects.
Strong top-down effects of omnivorous shrimps at high-and mid-altitude sites
Results at both the high-and mid-altitude sites demonstrated that omnivorous freshwater shrimps can have a strong in¯uence on the benthos. This was evident by signi®cant treatment differences throughout the 35-day experiment as well as by the rapid disappearance of treatment differences when shrimps were allowed access to tiles (i.e. when electricity was turned off). We attribute treatment differences to shrimps rather than ®shes because we observed high densities of shrimps feeding on the tiles while ®shes were never observed on tiles during day or night. Electroshocking showed similar results; very high shrimp abundance and very low ®sh abundance. Fishes were mostly present in deeper areas near the centre of the channel and in deep pools. Feeding and movement by Atya and Xiphocaris at the high-altitude site resulted in`clean' tiles which accrued very little organic and inorganic matter. This supports previous studies in this stream and nearby tributaries that also found a strong negative effect of Atya and Xiphocaris on AFDM and inorganic cover (Pringle et al., 1993 Pringle & Blake, 1994) . The shrimp assemblage at the mid-altitude site, composed of Macrobrachium and Xiphocaris shrimps, also reduced the amount of organic and inorganic matter on tiles. In mid-and high-altitude reaches, shrimp effects on sediment and organic matter are similar to dominant consumers in other tropical streams such as the ®sh Prochilodus mariae in Venezuelan streams (Flecker, 1996) .
The shrimp assemblage signi®cantly reduced the biomass of chironomids at both the high-and midaltitude sites. Chironomids are sessile and were probably consumed by shrimps directly or dislodged from tiles by shrimp feeding. In contrast to sessile chironomids, there were generally more may¯ies in the presence of shrimps than in their absence. May¯ies are highly mobile and appear able to avoid predation by shrimps. Shrimps may facilitate may¯ies by acting as ecosystem engineers (sensu Jones, Lawton & Shachak, 1994) by removing sediment, thus providing may¯ies greater access to underlying algae (Pringle et al., 1993) . These results support earlier studies that observed similar effects of shrimps on may¯ies and chironomids at nearby high-altitude sites (Pringle et al., 1993; March et al., 2001) . This combination of a negative effect on chironomids with the positive effect on baetids probably resulted in the lack of shrimp effect on total insect biomass.
While previous studies in temperate streams have shown that omnivorous cray®shes can increase periphyton indirectly by reducing insect grazer abundance (Charlebois & Lamberti, 1996 ; Luttenton, Horgan, & Lodge 1998) we did not observe this effect. Shrimps had a strong negative effect on algal biomass (algal biovolume and chlorophyll a) at both the highand mid-altitude sites. These results support previous studies conducted at high-altitude sites (Pringle & Blake, 1994; Pringle, 1996) .
Grazing by shrimps at both the high-and midaltitude sites removed ®lamentous algae (Oedogonium and Rhizoclonium) and resulted in a diatom-dominated algal assemblage (mostly Gomphonema spp.). The removal of upper-storey ®lamentous algae is a common effect of herbivory in streams and is because of their vulnerable position above the rest of the algal assemblage (see reviews in Feminella & Hawkins, 1995; Steinman, 1996) . In the absence of grazers, ®lamentous forms are able to outcompete lowerstorey diatoms and represent the majority of algal biomass. The natural distribution of ®lamentous algae at the high-altitude site supports our results. Filamentous algae are found in areas where shrimps do not graze (sections of vertical rock within 3 cm of the surface (Pringle, 1996) and corners of overhanging boulders in cascades [personal observation]).
Grazing snails and lack of shrimp effect at the low-altitude site Our results suggest that the presence of snails in high abundance obscured potential shrimp effects at the low-altitude site. Snails may reduce resources available for shrimps, thus contributing to low shrimp abundances observed at this site.
Several lines of evidence support our hypothesis that snail grazing in both treatments at the lowaltitude site overwhelmed shrimp effects. Higher densities of grazing snails were observed on tiles in both the control and shrimp exclusion treatments at the low-altitude site (mean 2.7) compared with the mid-and high-altitude sites (mean 0.03 and 0 snails tile ±1 , respectively). While we did not directly quantify effects of freshwater snails on the benthic community, grazing snails in temperate streams have been shown to exert strong negative effects on standing stocks of organic matter and chlorophyll a (e.g. Steinman et al., 1987; Rosemond et al., 1993) . Accordingly, standing stocks of inorganic and organic matter in both treatments at the low-altitude site were low and were similar to the grazed treatment (control) at the higher altitude sites. Furthermore, algal community composition in both treatments at the low-altitude site was typical of a grazed community and similar to the control treatment at the higher altitude sites. However, future studies manipulating both snails and shrimps at the low-elevation site are needed to fully understand the effects of snails.
While snails are probably responsible for the lack of shrimp effect at the low-altitude site, shrimp assemblage composition as well as water depth varied between low-altitude and higher altitude sites. The low-altitude shrimp assemblage contained primarily Variable role of freshwater shrimps 387 Macrobrachium, thus differing from the other two sites. The only Atya and Xiphocaris individuals found at the low-altitude site were small juveniles that appeared to spend most of their time migrating upstream and little time feeding. However, this shift in shrimp assemblage composition probably did not contribute much to the lack of shrimp effect at the low-altitude site because Macrobrachium consume algae, insects and detritus and were observed to feed on tiles in a similar manner to Xiphocaris. Evidence supporting this contention is that Macrobrachium shrimps represented the majority of the biomass at the mid-altitude site where shrimps exerted strong effects. Water depth at base¯ow was shallowest at the low-altitude site. Differences in depth did not appear to be important factors contributing to the lack of shrimp effect at the low-altitude site. The¯ashy nature of discharge in the study stream resulted in dramatic changes in water depth at all three sites over the 35-day study period. However, despite these depth variations, inorganic matter, AFDM, and chlorophyll a remained relatively constant at the low-altitude site and at levels similar to those in controls at the mid-and high altitude sites, suggesting that the presence of grazing snails may be more important.
Importance of replicating the experiment along the altitude gradient
Most experimental studies examining the roles of species in benthic communities have been conducted at a limited spatial scale (but see Pringle et al., 1999) . While these studies have demonstrated that biota can have strong effects on many aspects of the benthic environment, we know very little about their effects beyond the context of a speci®c reach. By replicating our study at three sites along the altitude gradient we showed that results from previous studies at our high-altitude site were different than those obtained at lower altitude sites.
Understanding the role that shrimps play in determining community composition and how that role varies along an altitude gradient is especially important because shrimps inhabit many different reaches over their migratory life cycle. Recent anthropogenic disturbances such as damming and water withdrawal, as well as stream poisonings, have increased larval and adult shrimp mortality and resulted in removal of shrimps from entire reaches (Holmquist et al., 1998; Benstead et al., 1999; C.M. Pringle, unpublished data) . These anthropogenic disturbances may have dramatically different effects on the community, depending on location. For example, elimination of shrimps from a reach may not result in any signi®cant changes in the benthic community at low-altitude sites. However, loss of shrimps from higher-altitude reaches will dramatically alter the entire community. Resource managers need to be aware of these issues when considering how and where to monitor the effects of anthropogenic disturbances on migratory biota.
